INTRODUCTION
Natural-product biosynthetic gene clusters have been found in the genomes of a wide range of organisms, including bacteria, marine invertebrates, algae, and plants, that inhabit virtually every niche of the biosphere. Among them, polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) gene clusters are responsible for the biosynthesis of two large families of natural products, polyketides and nonribosomal peptides, many of which have important antibiotic, anticancer, and immunosuppressant activities [1] [2] [3] [4] [5] . Despite a great interest in producing analogs of natural polyketides and nonribosomal peptides for drug development, the structural and biosynthetic complexity of these natural products poses a daunting challenge to synthetic chemists. To overcome the difficulties in organic synthesis, the alternative strategy of combinatorial biosynthesis holds promise for the production of structurally diversified natural products [6, 7] . Using a combinatorial approach, biosynthetic gene clusters are cloned from their native hosts, and the catalytic modules in the gene clusters are modified or recombined to generate diversified products with designated structural modifications. As an example, a number of structural analogs of the polyketide antibiotic erythromycin and the nonribosomal peptide antibiotic vancomycin have recently been produced [8] [9] [10] [11] .
Although gene clusters of a number of NRPSs and PKSs have been cloned and many cryptic secondary-metabolite pathways have been uncovered through wholegenome sequencing [12] , an alternative means of cloning NRPS and PKS gene clusters would greatly benefit the production of novel compounds. The conventional cloning protocol involves the construction of cosmid libraries of a bacterial genome; screening the libraries with radioactive, degenerate DNA probes or PCR primers, which target conserved regions of PKS or NRPS gene clusters; and chromosome walking from the identified genes to retrieve the sequence of the entire gene cluster [13, 14] . Recently, a genome-scanning method was developed in which a shotgun genomic library was constructed and sequenced randomly to identify genes that might be part of NRPS or PKS clusters based on sequence homology [15] . The identified putative gene fragments were then used as probes to screen the cosmid library of the same genome in order to find the full-length cluster.
Here, we report an alternative method to sequencebased screening that utilizes efficient enzymatic selection of NRPS-and PKS-encoding gene fragments. This method uses phage display for the profiling of NRPS and PKS biosynthetic gene clusters in a bacterial genome and identifies NRPS and PKS genes by high-throughput phage selection. Such an approach takes advantage of the capacity for Sfp phosphopantetheinyl transferase from Bacillus subtilis to covalently modify carrier-protein domains of NRPS or PKS enzymes with biotin-coenzyme A (CoA) substrate through a phosphopantetheinyl (Ppant) linkage [16, 17] . A shotgun library of the bacterial genome is displayed on the phage surface and undergoes iterative selections for Sfp-modified NRPS or PKS subfragments. The corresponding biosynthetic genes are then identified by sequencing the selected phage clones. The full-length PKS or NRPS clusters can then be reassembled by polymerase chain reactions (PCRs) based on the DNA sequence of the NRPS and PKS modules identified in the phage selection. The phage-display selection offers a simplified alternative to screening cosmid libraries to identify novel NRPS and PKS gene clusters. Here, we demonstrate, using B. subtilis and M. xanthus, that this selection-based approach can be used for the rapid cloning of NRPS and PKS gene fragments from single bacterial genomes. We propose that our method would be useful for high-throughput cloning of biosynthetic clusters from not only a single bacterial genome, but also environmental samples composed of multiple genomes (metagenome or environmental DNA), providing opportunities for accessing the potentially rich source of natural products from unculturable microbes.
RESULTS

Phage-Selection Strategy for the High-Throughput Profiling of NRPS and PKS Clusters in Bacterial Genomes
Phage display has been widely used for selecting peptide or protein ligands with high binding affinities [18] and for evolving enzymes or catalytic antibodies with higher catalytic activity or altered substrate specificity [19] [20] [21] [22] . The displayed peptides or proteins are anchored to the surface of the phage by fusion with the phage capsid proteins. The genes encoding the displayed entities are encapsulated inside the phage particle as part of the phagemid or phage genome [23] . In this way, there is a direct physical linkage of the displayed peptide or protein with the encoding gene. The identity of the gene can be easily determined by sequencing the DNA from the phagemid.
The phage selection for NRPS or PKS genes takes advantage of the posttranslational modification of peptidyl carrier protein (PCP) domains and acyl carrier protein (ACP) domains embedded within the NRPS or PKS clusters catalyzed by phosphopantetheinyl transferases (PPTases) [24] . Type I PKSs and NRPSs are large, multimodular proteins that function with assembly line logic. The enzymes are composed of repeating catalytic modules, each of which is usually responsible for one cycle of polyketide or polypeptide chain elongation [3, 4] . Each module contains a thiolation (T) domain specifically referred to as PCP or ACP for NRPSs or PKSs, respectively. In order for the enzymes to be functional, Ppant prosthetic groups derived from coenzyme A (CoA-SH) need to be attached to all ACP or PCP domains by a Ppant transferase at a conserved Ser residue. The Ppant appendages act as swinging arms to transport the elongating polyketide or peptide chain along the assembly line [24] .
Recently, we showed that Sfp PPTase from B. subtilis can attach a biotin-modified Ppant group to apo PCPs excised from the NRPS for enterobactin and gramicidin biosynthesis by using biotin-CoA (1) as the substrate [17] ( Figure 1 ). We also showed that a folded PCP domain can be displayed on the surface of M13 phage and labeled with biotin by Sfp-catalyzed site-specific transfer of the biotin group from biotin-CoA (1) or biotin-SS-CoA (2) to the PCP domain anchored on the phage surface [25] . Subsequently, the phage particles displaying biotinylated PCP can be enriched more than 2000-fold through a single round of selection with immobilized streptavidin [25] . We reasoned that streptavidin-based selection of phage particles displaying biotinylated PCP or ACP domains could be a potential method for genome-wide functional profiling of biosynthetic gene clusters without prior knowledge of the DNA sequence. In this approach, we first construct a shotgun genomic library for the bacterial genome containing PKS or NRPS clusters (Figure 2 ). Proteins encoded by the genomic DNA fragments are displayed on the phage particles, and Sfp and biotin-SS-CoA (2) are added to covalently label the phage-displayed apo PCP or apo ACP domains with biotin. Phage particles displaying biotin-labeled PCPs or ACPs are then selectively bound to streptavidin-coated plates. The bound phage particles are then recovered and the DNA sequenced to determine corresponding biosynthetic genes.
Profiling PKS and NRPS Clusters in B. subtilis by Phage Display To validate the phage-display strategy for profiling PKS and NRPS biosynthetic gene clusters, we first used B. subtilis as a model system since its genome (4.2 3 10 6 bp) has been sequenced [26] and Sfp is the native PPTase of this Gram-positive bacterium [27] . The genome encodes two NRPS gene clusters, srfA and pps, and one hybrid NRPS/PKS gene cluster, pks, that are responsible for the biosynthesis of surfactin, plipastatin, and bacillaene, respectively [28] [29] [30] . Also, the dhb cluster in the B. subtilis genome encodes a small NRPS required for the synthesis of the siderophore bacillibactin [31] . The genomic library of B. subtilis was constructed by fragmenting the genomic DNA by sonication into the range of 500-1500 bp and cloning the fragments into the phagemid vector pComb3H for M13 phage display [23] . To select for carrier proteins fused to the phage, the library was packaged into M13 phage particles. The Sfp enzyme and the disulfide-containing substrate, biotin-SS-CoA (2) (Figure 1) , were added to a suspension of phage particles to covalently attach biotin-Ppant groups specifically to phage-displayed carrier proteins. After the biotin-labeling reaction, the modified phage particles were bound to a streptavidin-coated 96-well plate, and unbound phages were washed away. The phage particles bound to the streptavidin-coated plate via biotin-SS-CoA were eluted by disulfide reduction with 20 mM dithiothreitol (DTT). This process was repeated multiple times to selectively enrich Sfp-modified phage particles. Control reactions were carried out in parallel with the exclusion of Sfp or biotin-SS-CoA (2) during the labeling process. The titer of phage particles recovered from the streptavidin-coated plate was used to determine the efficiency of biotin labeling.
Over five iterations of selection, we observed a stepwise increase in the ratio of phages recovered from the reaction with Sfp and biotin-SS-CoA (2) versus the control reactions ( Figure 3) . Recovery of Sfp-modified phages indicated that proteins displayed on the phage surface are folded appropriately to be recognized and specifically biotinylated by Sfp. After the fifth round of selection, the recovery of biotin-modified phage was more than 10 4 -fold that seen in the control reactions, suggesting that B. subtilis proteins posttranslationally modified by Sfp were substantially enriched.
To identify representative cloned fragments of B. subtilis DNA in the recovered phage particles, 100 clones were sequenced, and the sequences were mapped to the B. subtilis genome (Figure 4 ). After five rounds of selection, 85% of the selected clones encoded PCPs or ACPs, and the remaining clones contained in-frame stop codons within the genomic DNA fragments. These ''nonsense'' clones were presumably due to nonspecific binding of the phages to the streptavidin surface. Multiple clones with the same PCP or ACP gene were also found in the PCPs and ACPs were recovered from all four gene clusters in the B. subtilis genome that are responsible for the biosynthesis of the secondary metabolites surfactin [29] , a hybrid peptide-polyketide bacillaene [28] , plipastatin [26] , and bacillibactin [31] . Although not all 39 of the PCP and ACP domains were found among the 100 clones being sequenced, 4 out of 7 PCPs from the surfactin gene cluster, 10 out of 20 PCPs and ACPs from the bacillaene gene cluster, 2 out of 10 PCPs from the plipastatin gene cluster, and 1 out of 2 PCPs from the bacillibactin gene cluster were captured ( Figure 4 ). Overall 17 out of 39 PCPs/ACPs in annotated NRPS-and PKS-encoding genes in the B. subtilis genome were identified among the 100 clones sequenced. We found that the PCP and ACP domains were distributed over all three PCP-containing NRPS proteins for surfactin biosynthesis (SrfAA, SrfAB, and SrfAC), all ACP-containing PKSs for polyketide biosynthesis (PksJ, PksL, PksM, PksN, and PksR), two out of five PCP-containing NRPSs for plipastatin biosynthesis (PpsB and PpsD, but not PpsA, PpsC, and PpsE), and the only PCP-containing NRPS for bacillibactin biosynthesis (DhbF) ( Figure 4 ). Thus, after five rounds of Sfp-dependent phage selection, nearly 50% of ACP and PCP domains in the B. subtilis genome were cloned from a single genomic library containing shotgun DNA fragments. Interestingly, the ACP domain of the fatty acid synthase (FAS) of B. subtilis was not recovered. This may be due to the bias of Sfp recognition for PCPs and ACPs involved in secondary metabolism. However, the fact that Sfp can complement a loss of function in AcpS, the FAS-specific Ppant transferase in B. subtilis, seems to suggest that Sfp should be able to modify phage-displayed FAS ACP [32] . We thus speculate that E. coli AcpS may preload B. subtilis FAS ACP with CoA in situ during the translation and secretion of ACP-pIII fusion protein for the assembly of the phage capsid. In this manner, phage particles displaying B. subtilis FAS ACP would be blocked from Sfp modification in vitro and would not be enriched through selection. We carried out three rounds of phage selection for each library as described previously. Similar to the results with the B. subtilis library phage selection, we observed a steady increase in the ratio of phage recovered from the labeling reaction with both Sfp and biotin-SS-CoA (2) over that of the control reactions lacking either enzyme or substrate. At the end of the third round of selection, both libraries yielded a greater than 10 3 -fold enrichment of modified phage particles, suggesting that carrier proteins from M. xanthus were displayed on the phage surface and enriched through iterative selection.
After the selection procedure, we sequenced 100 clones recovered from each library and identified the M. xanthus gene fragments cloned ( Table 1) . Out of the 200 clones sequenced, 171 clones give readable sequences, and all contained fragments of M. xanthus genomic DNA. Among them, 131 clones encoded in-frame fusions to pIII. The remaining 40 clones were either out of frame or ligated in the non-sense orientation and would not be expected to express pIII fusions. Among the 131 clones expressing in-frame pIII fusions to M. xanthus ORFs, 15 PCP-and 4 ACP-encoding inserts were recovered, and one of them is an ACP associated with FAS (Table 1) . Interestingly, we recovered 15 clones from 3 different M. xanthus ORFs that share similarity to known PCP sequences but do not correspond to domains annotated as PCP or ACP in the NCBI BLAST conserved domain database (http://www.ncbi.nlm.nih.gov/Structure/ cdd/wrpsb.cgi) ( Table 1) . Furthermore, among the 131 in-frame clones recovered, we also found 22 clones encoding 6 truncated fragments of M. xanthus proteins that share no sequence similarity with known PCP or ACP domains (Table 1) . Whether the full-length proteins that correspond to these fragments are modified by Sfp or the endogenous M. xanthus PPTases remains to be investigated.
Consistent with the B. subtilis results, after multiple rounds of selection, we identified M. xanthus clones that predominated the pool of recovered phage. The clones SH290 and SH629 were isolated 12 and 26 times, respectively. SH290 was only recovered from library 1, and SH629 was recovered from library 2. Among the 22 carrier proteins identified, only 4 are ACP domains, out of a total of 38 ACPs in the genome. Thus, Sfp appears to have a bias for modification of PCPs from the M. xanthus genomic library. There are three ORFs in the M. xanthus genome annotated as putative PPTases by TIGR: one (MXAN_4350 in the TIGR database) is an AcpS based on its sequence homology with AcpS from E. coli [35] , and the others (MXAN_3485 and MXAN_4192 in the TIGR database) are homologous to Sfp from B. subtilis [24] . The existence of two Sfp-like PPTases in the M. xanthus genome raises the possibility that these are differentially selective for posttranslational priming of PCPs versus ACPs. Future work could address this hypothesis by repeating phage selection with the three purified M. xanthus PPTases in parallel.
Cloned ORFs that Expand the Repertoire of Sfp beyond the NRPS and PKS To our surprise, we recovered from the B. subtilis and M. xanthus libraries phage clones expressing unconventional proteins, not annotated as domains of NRPSs, PKSs, or FAS. We followed this up in the case of B. subtilis, in which truncated proteins encoded by fragments of the gcvT and ybbR ORFs were recovered repeatedly during phage selection. The gcvT gene encodes a subunit of the glycine-cleavage system that is predicted to function in conjunction with gcvH, gcvPA, and gcvPB. The ybbR gene encodes a protein of unknown function and is a component of a putative three ORF operon that appears to be highly conserved in Gram-positive bacteria. All of the cloned fragments of gcvT and ybbR contained overlapping residues, suggesting that Sfp modified a specific residue within these overlapping fragments. Because Sfp is known to show strong selectivity for folded peptide sequences containing the consensus serine for modification [36] , we sought to determine the site of Ppant modification of these proteins.
One of the cloned gcvT fragments (aa 29-204) was expressed as a soluble protein in E. coli, and posttranslational phosphopantetheinylation of this fragment was confirmed by mass spectrometry and immunoblot. Highresolution mass spectrometry of the GcvT truncate treated with Sfp and CoA gave a mass of 22,650.09 Da, well in agreement with the calculated mass of 22,649.98 Da ( Figure S1 ; see the Supplemental Data available with this article online). We observed a 340.23 Da difference between the modified mass and the apo form of the protein (observed mass is 22,309.86 Da), agreeing with the addition of a phosphopantetheine. The GcvT residue modified by Sfp was identified by using FTMS methodology (see Supplemental Data and Figure S2 ). By comparing masses of peptide fragment ions by MS, we localized the phosphopantetheinylated residue to the peptide GNDSL. This fragment contains the Ser62 residue (corresponding Selected phage clones were listed with the clone identification number sent for DNA sequencing (''Clone ID''), the corresponding gene in the TIGR sequence database (''Gene ID''), the number of times the clones had been identified within the 200 clones sent for sequencing (''Times Selected''), and the library from which the clones were selected (''Library [1 or 2]''). Library 1, M. xanthus genomic DNA with HaeIII-digested fragments; library 2, sonicated fragments. The domains were annotated as PCP if they were located after an adenylation (A) domain and as ACP if they followed a ketosynthase (KS) or acyltransferase (AT) domain. Each gene cluster was defined as the set of genes adjacent to or in the immediate vicinity of each other. ''Other Clones'' denotes the clones that cannot be aligned with known PCP or ACP domains; their homology in peptide sequences with other proteins is also listed (''Regional Homology'').
to the full-length GcvT protein) embedded in the consensus motif for Sfp Ppant recognition, DSL. To confirm that GcvT is a target for Sfp, the full-length protein and an engineered Ser62Ala mutant were expressed and analyzed by anti-biotin immunoblot. Sfp-dependent biotinylation of the GcvT protein requires the Ser62 residue, positively identifying this Ser as the site of Ppant modification ( Figure S3 ). Using a similar strategy, truncated YbbR protein (aa 229-278) was expressed and confirmed to undergo posttranslational phosphopantetheinylation, and the site of Ppant modification was mapped to Ser274 by FTMS [37] . Full-length YbbR protein was also cloned and expressed. In vitro Ppant modification of the full-length protein was confirmed by FTMS, showing an observed mass shift of 344.28 Da for the Ppant-modified form from the apo form (the expected mass shift for phosphopantetheinylation is 340.1 Da) ( Figure S4 ). The native function of ybbR in B. subtilis is not yet understood, but we have utilized YbbR modification by Sfp as a starting point to determine that a minimal YbbR-derived peptide of 11 residues suffices as a peptide tag that can be inserted into other proteins and modified by Sfp [37] . This finding highlights an unexpected benefit of identification from novel posttranslational protein modifications uncovered by our phage-display method.
Phage selection with Sfp also identified a number of ORFs from the M. xanthus genomic libraries that can be modified by Sfp by using biotin-SS-CoA (2) but that do not share significant sequence homology with ACP or PCP domains as the conventional substrates of Sfp-catalyzed posttranslational modification ( Table 1 ). The protein sequences of ORFs recovered from these phage clones are listed in Figure S5 . We determined, by using an ELISA assay, that these fragments displayed on the phage surface are efficiently labeled with biotin by Sfp, confirming that the phage clones were enriched from the M. xanthus genomic library and not simply background contaminants ( Figure S6 ). It would be interesting in the future to verify if the corresponding full-length proteins are phosphopantetheinylated by M. xanthus PPTases as well as the effect of Ppant modification on the function of those proteins.
DISCUSSION
The current study presents a high-throughput method for the cloning of NRPS and PKS natural-product biosynthetic gene clusters from bacterial genomes. This method is based on Sfp PPTase-catalyzed biotin-Ppant modification of PCP and ACP domains displayed on the phage surface as part of the library encoded by bacterial genomic DNA fragments. Subsequent selection of biotin-labeled phages for streptavidin binding enriches phage particles displaying fragments of NRPS and PKS; sequencing of the enriched phage clones provides the DNA sequence of carrier-protein domain-containing fragments of NRPS and PKS genes.
Sfp is the native PPTase in B. subtilis [24] and has been shown to posttranslationally modify ACP and PCP domains from a variety of bacteria such as Amycolatopsis mediterranei [38] , Bacillus brevis [39] , Escherichia coli [27] , Mycobacterium tuberculosis [40] , Pseudomonas syringae [41] , Sorangium cellulosum [42] , Streptomyces spheroides [43] , Vibro cholerae [44] , and Yersinia pestis [45] . Thus, Sfp is likely to be useful for the mining of NRPS and PKS clusters from a wide range of bacterial species by phage display. Yet, the Sfp enzyme is only one of a family of PPTases that have wide substrate specificity with ACPs and PCPs. Other PPTases such as Gsp from Bacillus brevis [46] , AcpS from Escherichia coli [47, 48] , and PcpS from Pseudomonas aeruginosa [49] have been cloned and used for posttranslational modification of ACPs or PCPs from bacteria other than their native hosts.
PPTases have been classified into two superfamilies based on their sequence homologies and substrate preferences [24] . The first family is represented by AcpS of Escherichia coli, which has a restricted function for FAS and FAS-related PKSs [35] . Sfp from B. subtilis belongs to the second family of PPTases, which exhibits a broad substrate specificity, modifying both ACPs from PKSs and PCPs from NRPSs [24] . A recent phylogenetic analysis of the Sfp-type PPTases also identified several subclasses of the enzymes originating from a broad spectrum of bacterial genera, including Bacillus, Escherichia, Streptomyces, and representatives of the cyanobacteria and myxobacteria [50] . Although PPTases in the Sfp family have shown cross-species or cross-phyla activities for the modification of ACPs and PCPs, it is conceivable that one type of PPTase would show bias toward carrier proteins from its original species or closely related species. Supporting this notion, Sfp profiling identified 17 out of 39 carrier proteins in B. subtilis, almost half of the carrier proteins encoded in the genome. In contrast, profiling with Sfp on the M. xanthus genome identified 22 carrier-protein clones from 119 carrier proteins annotated in the genome. These results suggest that preference for endogenous transferases may carry over into phage-display modification of carrier proteins. The use of multiple Ppant transferases would likely broaden the spectrum of modified carrier proteins to be cloned by this approach.
Phage selection with Sfp also showed a preference for the enrichment of PCP clones versus ACP clones. For example, the M. xanthus genome annotation reveals a 2.1:1 ratio of PCPs over ACPs in the genome (81 PCPs and 38 ACPs annotated). However, we detected a 4.5:1 bias in the Sfp selection reported here (18 PCPs and 4 ACPs identified by phage selection). Such a bias is likely due to the substrate preference of Sfp for modifying PCPs. To address this asymmetry that is almost certain to be associated with any phage selection with one particular PPTase, phage-display selection could be carried out in parallel or with a mixture of two or three PPTases with broad carrier-protein specificity to increase the range of carrier proteins that are modified.
The use of multiple PPTases during phage selection would also contribute to a more even distribution of carrier-protein domains in the cloned pool than was obtained by using Sfp alone. During phage-display selection with both the B. subtilis and M. xanthus libraries, individual clones arose disproportionately within the sequenced pool. For example, the first PCP of pksL predominated the clones after the fifth round of selection with the B. subtilis genome, and clones SH290 and SH629 were highly represented in the M. xanthus library after the third round of selection. We offer three possible explanations for the predominance of individual clones. Sfp could have a preference for the folded fragments of some carrier proteins over others. In support of this hypothesis is the finding that, among the overrepresented clones, multiple nonidentical fragments were recovered. Alternatively, particular fragments may be more favorable for expression on the phage coat, rendering them overrepresented in the unselected library. A third possibility, supported by nonoverlapping sets of clones arising from M. xanthus libraries 1 and 2, is a stochastic bias arising from enzymatic selection of phage-displayed protein.
We have aligned the peptide sequences of the carrierprotein clones identified by Sfp profiling in the B. subtilis and M. xanthus genomes with the sequences of carrier proteins not identified in the selection, and we found no obvious difference between the two pools of carrier proteins based on sequence phylogeny. Phage-display selection with multiple PPTases will likely reduce bias in the cloned fragments despite the cause, and it has the added benefit of enhancing the effectiveness of selection from a broader range of DNA sources.
We propose that this phage-display method will be useful for mining and cloning NRPS or PKS clusters from bacterial genomes isolated from environmental samples (metagenome) [51] . It has been estimated that soil contains more than 4000 species of bacteria per gram, and that nutrient-rich fresh water contains about 160 bacterial species per 10 liters [52] . However, as many as 99% of the microorganisms from the environmental samples cannot be cultured by standard techniques, and the uncultured fraction contains diverse organisms that are only distantly related to the cultured ones [53] . Thus, in order to access the natural-product repertoire produced by the uncultured bacteria, NRPS and PKS clusters from these microorganisms need to be cloned from DNA directly isolated from environmental samples and transferred to a culturable heterologous host for natural-product production. The library size required to obtain sufficient coverage of the simplest metagenome represents a daunting challenge for hybridization screening or shotgun sequencing used in the conventional methods. As an alternative to conventional methods, phage display provides the advantage that a shotgun library of the metagenome can cover 10 12 bp of sequence space, approximating the collective genome size of 10,000 different bacterial species. Moreover, since the selection of NRPS or PKS genes by phage display can be carried out in one pool, the phage-display method is truly high throughput and offers a unique opportunity for rapid cloning of NRPS and PKS cluster fragments from environmental DNA.
SIGNIFICANCE
Polyketide synthases (PKSs) and nonribosomal peptide synthetases (NRPSs) are two important types of natural-product biosynthetic enzymes in bacteria, having great potential for producing diverse and medically useful compounds. We have developed a phagedisplay method for high-throughput cloning of carrier proteins from bacterial PKS and NRPS gene clusters.
Clones from shotgun libraries of two bacterial genomes were displayed on the surface of phage. Phage clones displaying protein domains that are recognized as substrates for the Sfp PPTase are enriched by iterative selection for site-specific attachment of biotin by Sfp. In this way, PKS and NRPS gene fragments in the genomic library are significantly enriched in the selected pool and do not require extensive sequencing of the bacterial genome. The large sequence space covered by phage libraries and the high-throughput phage-selection protocol will allow this method to be applied to a collection of bacterial genomes for mining PKS and NRPS enzymes from environmental sources of DNA.
EXPERIMENTAL PROCEDURES
Construction of the B. subtilis Library Genomic DNA was extracted from 50 ml of a log-phase culture of B. subtilis strain 3610 [54] . A total of 100 mg RNaseA-treated genomic DNA was randomly sheared with two 5 s pulses with a sonicator (Misonix, Inc., Farmingdale, NY) set at 35% power. Sheared DNA was size selected on an agarose prep gel for fragments ranging from 500 bp to 1.5 kb. A total of 10 mg sheared DNA fragments were treated with 15 U T4 polymerase to create blunt-ended fragments. The pComb phagemid vector, which was modified to contain EcoRI and HindIII restriction sites (pComb-HE), was digested with SacI and SpeI and treated with T4 polymerase to create blunt ends, and with calf intestinal phosphatase to prevent vector self-ligation. The blunt fragments were ligated into the pComb-HE phagemid vector by using 5 mg B. subtilis genomic DNA fragments and 17 mg pComb-HE vector. Ligated plasmids were cloned into electrocompetent XL1-Blue E. coli (Stratagene, La Jolla, CA). E. coli clones containing the vector were screened by colony PCR for insertion of B. subtilis genomic DNA fragments. The efficiency of insertion was 90% of the total clones recovered.
Construction of the M. xanthus Library
The M. xanthus DNA was isolated by incubating the cells in 8 ml TE (pH 7.5), containing 0.5% SDS, 0.1 mg/ml Proteinase K, and 50 mg/ml RNase A. After 1 hr of incubation at 37 C and two phenol:chloroform:
isoamyl alcohol (25:24:1) extractions in 50 ml phase-lock tubes (Eppendorf, Hamburg, Germany), the DNA was precipitated by adding 0.7 volumes of isopropanol, spooled from the solution, washed with 70% ethanol, and resuspended in TE buffer. For library 1, the DNA was partly digested with NEB HaeIII to an approximate size of 500-1500 bp, followed by DNA electrophoresis size selection in 13 TAE with 1% agarose. The pComb3H vector was digested by SacI and SpeI, blunt ended by T4 DNA polymerase, and treated with calf intestinal alkaline phosphatase. For library 2, M. xanthus DNA was sheared by sonication to 1-3 kb and was treated with the T4 DNA polymerase for 15 min at 12 C; 500-1500 bp fragments were selected as described. The pComb3H vector was digested by EcoRV. For both libraries, the ligation of the vectors with M. xanthus fragments was performed by using the T4 DNA ligase at 16 C for 16 hr, followed by electroporation into XL1-Blue electrocompetent E. coli cells (Stratagene).
Library 1 was plated on LB agar supplemented with 2% glucose and 100 mg/ml ampicillin, while library 2 was plated in a liquid gel culture containing LB, 0.5% SeaPrep agarose supplemented with 2% glucose and 100 mg/ml ampicillin [55] .
Phage Selection
Phage-displayed B. subtilis or M. xanthus genomic libraries were first labeled with biotin by Sfp by using biotin-SS-CoA (2) as the substrate. For the first round of selection, the labeling reactions were carried out with 10 12 phage particles in 1 ml 10 mM MgCl 2 and 50 mM HEPES (pH 7.5) with 5 mM biotin-SS-CoA (2), 1 mM Sfp and were incubated at 30 C for 30 min. For the subsequent rounds of selections, the number of input phage particles, the concentration of enzymes and biotin-SS-CoA (2), and the reaction time were decreased step by step, and, eventually, for the fifth round of selection, only 10 10 phage particles were incubated with 0.08 mM enzyme and 1 mM biotin-SS-CoA (2) for 7 min at 30 C. Control reactions were also run in parallel without the addition of enzymes or biotin-SS-CoA (2). After the labeling reaction, the reaction mixtures were added to 250 ml 20% (w/v) polyethylene glycol 8000 with 2.5 M NaCl, followed by a 10 min incubation on ice. The phage particles in the reaction mixture were then precipitated by centrifugation at 4 C at a speed of 13,000 revolutions per minute (rpm). The phage pellet was then resuspended in 1 ml TBS supplemented with 1% (w/v) BSA and distributed in 100 ml aliquots to the wells of streptavidin-coated 96-well plates (Pierce). The plates were allowed to incubate at room temperature for 1 hr before the supernatant was discarded, and each well was washed 30 times with 0.05% (v/v) Tween 20, 0.05% (v/v) Triton X-100 in TBS and 30 times with TBS; each time the wash was performed with 200 ml solution. After washing, phages bound to the streptavidin surface were eluted by adding 100 ml 20 mM DTT in TBS to each well to induce the cleavage of the disulfide bond that links the biotin group with Ppant. Eluted phage particles were combined, added to 10 ml log-phase XL1-Blue cells, and shaken at 37 C for 1 hr to infect the cells. The cells were then plated on LB agarose plates supplemented with 2% (w/v) glucose and 100 mg/ml ampicillin. After incubation at 37 C overnight, colonies on the plates were scratched, and the phagemid DNA was extracted by a QIAGEN Plasmid Maxi kit. The phagemid DNA was then used for the next round of phage production and selection. Also, phage particles eluted from the wells loaded with either the selection or the control reactions were titered in order to count the number of phage particles selected by each round. After the fifth round of selection, phage clones were sequenced by using the primer Jun13 (5 0 -ACTTTATGCTTCCGGCTCGTATGT-3 0 ).
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Supplemental Data include mass spectrometry results, additional Experimental Procedures, and supplemental figures and are available at http://www.chembiol.com/cgi/content/full/14/3/303/DC1/.
